Ab initio calculations that explicitly include spin-orbit interactions are reported for the NeCl 2 system of electronic states. A surprising curve crossing is observed for the C 2v , T-shaped geometry. Away from the C 2v geometry, the states mix, as expected. On the basis of these new results we propose a new mechanism for electronic energy transfer from highly vibrationally excited levels of the B electronic state of the chlorine molecule. It is proposed that as long as vibrational predissociation of NeCl 2 proceeds by direct coupling of the initial state to the continuum states the Ne atom does not sample geometries that efficiently quench the Cl 2 B electronic state. However, when the vibrational dynamics changes to the intramolecular vibrational relaxation regime the Ne atom becomes quite effective at coupling the Cl 2 B 3 ⌸ 0 u + state with a 3 ⌸ 2g state.
I. INTRODUCTION
In most respects, NeCl 2 provides a prototype example of simple vibrational predissociation. Since it was one of the first molecules to be studied with both state-to-state pumpprobe spectroscopy and accurate quantum dynamics calculations, it provides a model system for understanding product state propensity rules, symmetry effects, rotational rainbow, and product channel interference effects. 1 Given the subtle details of the dynamics, and the difficulties that appear for analogous molecules, it is surprising, in retrospect, how successful the first theoretical studies using a simple pairwise additive potential-energy surface were at reproducing most of the experimental results for NeCl 2 . Above Ј = 17, however, the experimental results are quite enigmatic and have yet to be explained.
When NeCl 2 is excited to the 16th vibrational level of the B electronic state, the molecule dissociates mostly via ⌬ = −1 and −2 vibrational predissociation, as expected. The resulting pump-probe product state spectra are reasonably intense and easy to detect for both the ⌬ = −1 and −2 vibrational predissociation channels. In contrast, excitation of NeCl 2 to the 18th vibrational level results in extremely weak pump-probe spectra, and no spectra were observed for higher levels of vibrational excitation. 1, 2 Thus there must be a sudden onset of some type of electronically nonadiabatic relaxation in NeCl 2 in the region of Ј = 18. So far, this dramatic change in the dynamics over such a small energy range has not been explained.
The competition between electronic and vibrational dynamics has been studied for many other noble gas-halogen dimers. For HeCl 2 the results 3 are analogous to those for NeCl 2 , except that the electronic nonadiabatic dynamics become dominant at higher Ј levels. For the HeCl 2 B state vibrational predissociation via the ⌬ = −1 channel was observed up to Ј = 26. The HeCl 2 B state Ј = 27 level could not be observed even though the double-resonance transitions for free Cl 2 B state Ј = 27 were still quite strong, indicating that an electronically nonadiabatic process with an onset near Ј = 27. For ArCl 2 , pump-probe signals could only be observed up to Ј = 12. In this case the electronically nonadiabatic process turns on as soon as the energy of the complex is larger than the lowest Cl 2 dissociation limit. 4 For KrCl 2 and XeCl 2 electronic processes dominate and only weak vibrational predissociation is observed via pump-probe spectra for a few B state vibrational levels. 5 For higher electronic states of XeCl 2 and XeBr 2 , the electronic dynamics can involve excimer formation and are particularly interesting. 6 The case of ArI 2 is especially complex and has been extensively studied. [7] [8] [9] The rates of vibrational relaxation and electronic relaxation are comparable for a wide range of vibrational levels, and the relative importance of the two types of dynamics oscillates with Ј.
In this paper, we report the first ab initio electronic structure calculations for NeCl 2 that incorporate the chlorine spinorbit coupling. We find that the state formed by attaching a Ne atom to the B electronic state of Cl 2 is not mixed with other electronic states as long as the Ne atom stays near the C 2v , T-shaped geometry. However, away from this geometry there is a significant electronic mixing of the B state with another state. These results suggest an explanation for the sudden onset of electronically nonadiabatic processes for NeCl 2 , Ј = 18. As long as the direct ⌬ = −1 channel dominates the vibrational predissociation dynamics, dissociation occurs from a near C 2v geometry that minimizes the electronic mixing. However, as the ⌬ = −1 channel closes, the dissociation dynamics enter the intramolecular vibrational relaxation ͑IVR͒ regime. IVR allows the Ne atom to explore the entire space around the chlorine molecule, sampling geometries for which electronic mixing is favored.
II. THEORETICAL TREATMENT
There have been relatively few detailed ab initio electronic structure calculations for the chlorine molecule, and even fewer published calculations incorporate spin-orbit coupling ͑SOC͒ effects which are crucial for the problem under consideration here. Nonetheless we have benefited from two excellent recent papers related to this work. 10, 11 A very effective, i.e., low-cost, yet accurate, method of treating SOC effects is provided by the use of relativistic effective core potentials ͑RECPs͒. Here we use for the chlorine atom the RECP ͑scalar relativistic potential plus spin-orbit terms͒ developed by the Stuttgart group. 12, 13 To obtain accurate spectroscopic properties it has been shown 11 that large basis sets including high angular momentum functions have to be employed. After preliminary test calculations we have augmented the original valence basis with sets of both diffuse and polarization functions to yield our final set as 3s3p3d2f1g for the seven chlorine atom valence electrons.
The relevant electronic states are calculated using multireference configuration-interaction ͑MRCI͒ methodology. First, we optimize the molecular orbitals using complete active space ͑CAS͒ wave functions. The active space is defined by the valence electrons and orbitals of the chlorine molecule. The Cl 2 diatomic states remain essentially unchanged when the triatomic is calculated. This means that at the CAS level only the chlorine orbitals are active but the Ne valence electrons become correlated at the MRCI level, a necessary condition to represent the weak van der Waals bond. Because we are interested in describing several electronic states and their crossings we use a state-averaging procedure for the orbital optimization. From trial calculations we found that optimizing the following states guarantees a balanced treatment of all relevant electronic states:
As a second step, the spinfree electronic Hamiltonian ͑H el ͒ is diagonalized using MRCI wave functions and the Davidson correction is applied to the energies. Finally, the total Hamiltonian H T = H el + H SO is diagonalized on the basis of eigenfunctions of H el , which include the states optimized at the CAS level plus 1 3 ⌸ u , 1 3 ⌸ g , and 1 1 ⌺ u − to give a total of 36 spin-orbit states. With this methodology an accurate representation of the spectroscopic properties of the Cl 2 states can be obtained. In particular, care was taken to properly maintain state degeneracies when working in lower-symmetry point groups. For instance, when Ne-Cl 2 dissociates along the C 2v geometry, the Cl 2 wave functions must revert to those of a linear molecule. The details of this analysis and comparison with other works will be presented elsewhere.
The main focus of the present work is on the perturbation of the Cl 2 diatomic states by the presence of the weak intermolecular potential of an approaching Ne atom. We consider three fixed angular geometries: linear, T-shaped ͑C 2v ͒, and slightly distorted from T-shaped ͑C s ͒ geometry, with an 80°angle between the Ne-Cl 2 center-of-mass ͑COM͒ vector and the chlorine bond, for reasons to be explained below. For each angular geometry we calculate a two-dimensional surface on a grid that spans the van der Waals well from the short-range repulsion to near the dissociation limit, i.e., 2.5-6 Å Ne-Cl 2 COM separation. For the Cl 2 diatomic the surface covers the region where the B state undergoes several crossings and to near the dissociation limit, i.e., 5.6-7. 
III. RESULTS
For convenience, we will label the electronic states formed by attaching a Ne atom to a given state of the Cl 2 molecule by the Cl 2 state name, as is typical. Although this can lead to some ambiguities these can be dealt with as they arise. To describe all the relevant quantum numbers of a given state we will follow the notation ⌺ ⌳ ⍀ , where ⌺ is the spin multiplicity, ⌳ denotes the component of the electronic orbital angular momentum about the diatomic axis, and ⍀ is the total electronic angular momentum about the diatomic axis. Also, g or u indicates the parity and ϩ or Ϫ indicates the reflection symmetry of the diatomic state. For instance, the B state is described as 3 ⌸ 0 u +. The ab initio calculations label the spin-orbit eigenstates by their overall, spatial plus spin symmetry. We will indicate the relevant symmetries when discussing the results and also refer to their diatomic parentage. Figure 1 shows potential-energy curves as a function of the Cl-Cl distance for three electronic states with the same symmetry as the NeCl 2 B state in the C 2v geometry. For the curves in this figure the Ne-Cl 2 distance is fixed at 3 Å. All the states shown belong to the overall B 2 symmetry in C 2v , where z is the symmetry axis. The lowest state corresponds to the AЈ state ͑ 3 ⌸ 2u ͒ of the diatomic. Note that only one curve crosses the NeCl 2 B state. The crossing state is a 3 ⌸ 2g state that is mainly repulsive and dissociates to ground-state atoms. Usually, it is expected that two states of the same symmetry ͑the g , u distinction disappears due to the Ne atom͒ do not cross. In this case, however, any coupling between the two states is so small as to be not observable in the figure. Similar results are obtained for other Ne-Cl 2 dis- tances. In the C 2v geometry, the Ne atom does not cause these Cl 2 electronic states to mix regardless of the Ne-Cl 2 or the Cl-Cl distances. This surprising result is the basis for our new interpretation of the electronic dynamics of NeCl 2 , presented below. Figure 2 shows similar results for the linear Ne-Cl-Cl geometry with the Ne-Cl 2 COM distance fixed at 5 Å. All the states shown belong to the overall A 1 symmetry in C 2v , where z is the symmetry axis. In this case, the B state interacts strongly with two repulsive states, 3 ⌸ 2g ͑lower͒ and 3 ⌸ 0 g − ͑higher͒, that correlate, in the diatomic, to ground-state atoms. The perturbation is significant even for the 5 Å Ne-Cl 2 distance, which is longer than the van der Waals equilibrium separation for the NeCl 2 B state, ground vibrational level. This is partially due to the fact that the perturbation occurs for a Cl-Cl distance of about 6 bohrs or 3.2 Å. This is near the outer turning point of the 12th Cl 2 B state vibrational level, near the dissociation limit to two groundstate Cl atoms and 2 / 3 of the way to the unperturbed B state dissociation limit. For shorter Ne-Cl 2 separations, the perturbation is even stronger, but it does not move significantly toward shorter Cl-Cl distances.
Given the qualitatively different coupling observed for the T-shaped and linear geometries it is natural to ask what the coupling will be for intermediate geometries. More specifically we want to analyze if the electronic mixing not present for the C 2v geometry appears for a small distortion away from the C 2v geometry. In Fig. 3͑a͒ we show the Cl-Cl curves for a Ne-Cl 2 distance of 6 Å with a 10°offset from the C 2v geometry. The symmetry of these states is the AЈ representation of the C s point group. For this long Ne-Cl 2 distance the 3 ⌸ 2g state and the B state still cross with little mixing. Figure 3͑b͒ shows the same states but now for a Ne-Cl 2 distance of 3.25 Å. This time there is clear electronic mixing leading to an avoided crossing between the two states. For Ne-Cl 2 distances in between the values shown in Fig. 3 above there is a smooth onset of electronic mixing between the B and the 3 ⌸ 2g state. In this report, we show only those states that are important for our interpretation of the experimental results. However, for each geometry, 36 states were included in the electronic structure calculations. Although other states mix with each other, none of them appear to strongly interact with the B state whose dynamics we wish to explain. Also, note that all of the crossing states shown have the same symmetry for all geometries considered.
IV. DISCUSSION
This study was motivated by the experimental result that NeCl 2 undergoes a simple vibrational predissociation for levels up to Ј =16 of the B state, but that some other process, probably an electronically nonadiabatic process, dominates the dynamics for higher vibrational levels. So far, there is no experimental evidence regarding the nature of the nonadiabatic process nor whether it has started to turn on for lower vibrational levels but only dominates at Ј = 18 and above. New results are presented above which show that the B electronic state of NeCl 2 does not mix with other states as long as the molecule is fixed in a C 2v geometry. This is a little surprising because the 3 ⌸ 2g state has the same spatial plus spin symmetry as the B state in the C 2v point group. Distortion away from C 2v turns on the mixing between the B and 3 ⌸ 2g states. For a linear geometry, the mixing also involves a third state. Another interesting finding is that the mixing between the B and 3 ⌸ 2g states occurs for a Cl-Cl distance of about 6 bohrs, independent of the position of the Ne atom. That is, interaction with the Ne atom does not tend to shift FIG. 2. The potential curves for five electronic states of NeCl 2 for a linear geometry with a Ne-Cl 2 center-of-mass separation of 5 Å. In contrast to the behavior of the C 2v geometry shown in Fig. 1 , there is extensive mixing between the electronic states of NeCl 2 in the linear, Ne-Cl-Cl geometry.
FIG. 3. ͑a͒ shows potential curves for a Ne to Cl 2 center-of-mass separation of 6 Å and for a geometry bent 10°away from the T-shaped C 2v geometry of Fig. 1 . For this geometry the mixing between the B state and the 3 ⌸ 2g state is still quite weak. In contrast, ͑b͒ shows that reducing the Ne-Cl 2 separation to 3.25 Å results in an easily observable avoided crossing between the B and 3 ⌸ 2g states.
the crossing of the two states to a different Cl-Cl distance. The strength of the mixing, of course, depends on the Ne-Cl 2 distance. These new results suggest an interpretation of the experimental data that have not been previously discussed. For NeCl 2 B state vibrational levels up to Ј = 17, dissociation occurs via direct ⌬v = −1 and −2 vibrational predissociation dynamics. Based on recent studies on the HeBr 2 ͑Ref. 15͒ and NeBr 2 ͑Ref. 16͒ we suspect that for NeCl 2 B state vibrational levels above Ј = 17 the vibrational dynamics changes from direct vibrational predissociation to intramolecular vibrational relaxation dynamics. In the IVR regime one quantum of the Cl 2 stretching vibration first relaxes to the van der Waals vibrational degrees of freedom before the second quantum of Cl 2 stretching vibrational energy dissociates the dimer. So, there would be an intermediate resonance state with significant van der Waals vibrational excitation. To the extent that this excitation is in the bending modes, as expected, the Ne atom would then explore the entire angular geometry about the Cl 2 molecule. We are proposing that it is this shift to IVR dynamics that allows the Ne atom to sample geometries that mix the chlorine electronic states and "turn on" the electronic quenching as described above.
The results presented here do not allow us to estimate the rate of the electronic quenching that will result from the electronic mixing between the B and 3 ⌸ 2g states. This will require further analysis. We note that the splitting of the avoided crossing shown in Fig. 3͑b͒ is about 40 cm −1 . It will be even larger for shorter Ne-Cl 2 distances. So it should not be too surprising that the resulting electronic dynamics are fast. In fact, perhaps the more difficult question is why the electronic dynamics do not turn on even for lower vibrational levels. As noted above, the Cl-Cl separation at the mixing corresponds to the outer turning point for Ј = 11. Although this mixing requires a deviation from the C 2v geometry, the weak Ne-Cl 2 bond allows for a significant bending zeropoint motion. We are in the process of generating a sufficient number of ab initio points to create a realistic set of electronic potential surfaces and couplings that will allow a firstprinciples dynamics calculation.
